Here we report the development of an oligonucleotide microarray method that can identify fungal pathogens in a single reaction. Specific oligonucleotide probes targeted to internal transcribed spacer 2 were designed and synthesized. Fungal DNA was amplified by universal primers, and the PCR product was hybridized with the oligonucleotide microarray. A series of specific hybridization profiles corresponding to species were obtained. The 122 strains of fungal pathogens, including standard and clinically isolated strains, used to test the specificity, stability, and sensitivity of the microarray system belonged to 20 species representing 8 genera. We found that the microarray system can successfully discriminate among the fungal pathogens to the species level, with high specificity and stability. The sensitivity was 15 pg/ml of DNA. This oligonucleotide microarray system represents a rapid, simple, and reliable alternative to conventional methods of identifying common clinical fungal isolates.
The incidence of invasive fungal infections has increased in recent years. This increase is likely the result of several factors, including an increasing population of immunocompromised patients, intensive immunosuppressive chemotherapy, increasing awareness of fungal infections, and the widespread use of broad-spectrum antibiotics and central venous catheters (4) . Invasive fungal infections have become a major cause of morbidity and mortality among immunocompromised patients (4, 13, 17, 24) . Since opportunistic mycoses often have grave consequences, early, rapid, and accurate identification of the pathogenic fungus is critical for timely, appropriate clinical management. Conventional identification of pathogenic fungi in the clinical microbiology laboratory is based on phenotypic and physiological tests, which often require 3 or more days to complete and produce results that may not be accurate (9, 14, 28) .
In recent years, numerous DNA-based methods have been developed to improve the identification of pathogenic fungi (16, 22) . PCR methods targeting different genes for identification of fungi have been described elsewhere (15, 23, 26, 31) . A number of reports have described probes, restriction fragment length polymorphisms, multiplex PCR methods (21) , or other techniques to identify unique ribosomal DNA (rDNA) sequences (19, 29) . Real-time PCR systems for quantitative analysis of pathogenic fungi have been developed (3) . A suspension array using a novel flow cytometer with a dual-laser system to rapidly identify different varieties and genotypes of Cryptococcus neoformans has also been reported (8) . Although these DNA-based methods have been useful for the identification of fungal species, they are limited in that they either identify only one species or a few kinds of fungi at a time or require a time-consuming and costly probe hybridization procedure. Because common clinical fungal pathogens belong to a wide range of genera and species, the PCR method cannot meet the requirement of quick and simultaneous identification of various infecting agents to the species level.
In this study, we describe a sensitive, specific, and highthroughput method to rapidly and simultaneously identify almost the entire assortment of common pathogenic fungi within a single oligonucleotide microarray. The method combines universal fungal primers ITS3 and ITS4, which are specific for conserved sequences in the 5.8 and 28S rRNA genes, to amplify the target DNA, and 21 species-specific probes based on the sequence variation of the internal transcribed spacer 2 (ITS2) rRNA genes.
MATERIALS AND METHODS
Organisms. The standard fungal strains used in this study were obtained from the Chinese Medical Culture Collection Center (CMCC; Beijing, China) and are listed in Table 1 . The clinical fungal strains used in this study were all isolated from specimens at the First Hospital and Research Center for Medical Mycology of Peking University (FHRCMM; Beijing, China) and were stored at FHRCMM until use ( Table 2 ). The identification of all isolates was confirmed by conventional morphological and physiological methods (2, 30) . Bacteria and nonpathogenic fungi were selected as negative controls (Table 3 ). All fungi were inoculated onto potato dextrose agar slants at 30°C for 72 to 120 h and were stored at 4°C until needed. Bacteria were inoculated into Luria-Bertani medium (Bacto tryptone, 10 g/liter; Bacto yeast extract, 5 g/liter; NaCl, 10 g/liter [pH 7.0]) and were shaken for 18 h at 37°C.
Preparation of clinical blood samples. The study included a total of 16 blood specimens obtained from patients at FHRCMM with suspected invasive fungal infections (seven women and nine men, aged 26 to 78 years [mean, 54 years]). However, no fungal pathogens were detected in the blood samples by culture, direct microscopy, or PCR with the universal fungal primers. In order to evaluate the practicality of the oligonucleotide microarray in the clinic, the negative blood samples were spiked with fungi and stored at Ϫ20°C before processing for DNA extraction.
Sequence analysis for the design of the primers and probes. The sequences of ITS2 and the partial sequences of 5.8S rDNA and 28S rDNA were accessed via the GenBank database (supplemental material S1) and were aligned using Vector NTI, suite 6.0 (InforMax, Bethesda, MD). The universal fungal oligonucle-otide primers were designed from 5.8S rRNA and 23S rRNA. The ITS2 regions were amplified with universal fungal primers ITS3 (5Ј-GCATCGATGAAGAA CGCAGC-3Ј) and ITS4 (5Ј-TCCTCCGCTTATTGATATGC-3Ј). The sequence of ITS3 is complementary to a conserved region at the end of the 5.8S rRNA gene, and ITS4 binds to a conserved region at the beginning of the 28S rRNA gene, leading to amplification of ITS2. Primers were synthesized (Takara Biotechnology Co., Ltd., Dalian, China), and primer ITS4 was labeled with 5Ј Cy3 fluorescence. The specific oligonucleotide probes were designed based on the sequence data for the ITS2 region, and selection was optimized for melting temperature equivalence, lack of duplexes and hairpins, and internal stability by using Oligo (version 6.44) software. Probes were synthesized (Takara) and modified with 3Ј NH 2 to increase binding to the glass slide and hybridization intensity.
DNA preparation. (i) Preparation of template DNA from culture isolates. Previously described fungal DNA isolation methods were adopted (32) . Briefly, a small amount of culture was removed from the culture plates and was pelleted in a 1.5-ml Eppendorf tube. Five hundred microliters of extraction buffer (100 mM Tris-HCl [pH 9.0], 40 mM EDTA), 60 l of 20% sodium dodecyl sulfate (SDS), and 300 l of benzyl chloride were added to each sample. The reaction mixture was vortexed, incubated in a 50°C water bath for 40 min, and then shaken for 10 min so that the two phases were thoroughly mixed. Then 60 l of 3 M sodium acetate (pH 5.0) was added, and the tube was kept on ice for 20 min. After centrifugation at 3,500 ϫ g and 4°C for 15 min, the supernatant was collected and DNA was precipitated with isopropanol (1:1). The DNA pellet was resuspended in 300 l of TE buffer (10 mM Tris-HCl [pH 7.4]-1 mM EDTA), and 1.5 l of RNase (10 mg/ml) was added. After 5 min, the samples were extracted with phenol-chloroform (1:1 [vol/vol]) and, following chloroform extraction, were precipitated with isopropanol. The DNA pellet was resuspended in 200 l of TE buffer.
(ii) Preparation of template DNA from blood samples. DNA was extracted as described previously (22) . Blood samples (200 l) were lysed in 800 l of lysis buffer (10 mM Tris-HCl [pH 7.5], 10 mM EDTA, 50 mM NaCl) at room temperature for 10 min and centrifuged at 13,000 rpm for 5 min; the supernatant was discarded; and the pellet was resuspended in 100 l of sterile H 2 O. Glass beads (0.5-mm-diameter zirconium glass beads stored in 0.2% SDS) were added to the resuspended pellet, and the sample was vortexed in a minibead beater at top speed for 180 s. The suspension was removed, following bead beating, to a fresh microcentrifuge tube containing 900 l of L7 buffer (10 M guanidium thiocyanate, 100 mM Tris-HCl [pH 6.4], 200 mM EDTA, 2.6% [wt/vol] Triton X-100, and alpha-casein [Sigma-Aldrich Ltd.]) (added to a final concentration of 1 mg/ml) and 40 l of silica suspension for 200-l and 1-ml samples (80 l of silica suspension added to 5-ml samples). The sample was vortexed at maximum speed for 30 s, followed by incubation at room temperature for 10 min. The sample was vortexed again for 30 s and spun at 12,000 rpm for 1 min. The supernatant was removed, and the pellet was washed twice in 1 ml of L2 buffer (10 M guanidium thiocyanate, 100 mM Tris-HCl [pH 6.4]) while being vortexed for 30 s and spun at 12,000 rpm (12,700 ϫ g; Heraeus Sepatech Biofuge A) for 1 min. The pellet was then washed twice in 1 ml of 70% ethanol, followed by a final wash in 1 ml of 100% acetone. The pellet was dried in a heating block at 60°C for 10 min and resuspended in 100 l of 0.1ϫ TE buffer for 30 min.
(iii) Preparation of DNA from bacteria. DNA was extracted from bacteria using previously described procedures (25) .
PCR amplification of the target gene. Each 50-l reaction mixture contained 37 l sterile water, 5 l 10ϫ buffer (Takara), 200 mol/liter deoxynucleoside triphosphate mixture (Takara), 0.02 U/l Takara Taq (5 U/ml), 0.1 mol/liter primer ITS3, 1 mol/liter primer ITS4, and 2 l supernatant, which contained fungal DNA. The PCR mixtures were subjected to 95°C for 5 min, followed by 30 cycles of 94°C for 25 s, 55°C for 30 s, and 72°C for 25 s, with a final extension step of 72°C for 5 min. The PCR product was checked by 1.5% agarose electrophoresis and visualization with ethidium bromide.
Synthesis of the oligonucleotide microarrays. The oligonucleotides were bound to the slides as follows: 5 l of each oligonucleotide (50 mol/liter) was spotted onto a glass slide by an arrayer (PixSys 5500 workstation; Cartesian Technologies, Irvine, CA), with 5 mm between every two oligonucleotide spots. When all the oligonucleotides had been applied, the glass slides were left at room temperature for 24 h to permit thorough drying of the DNA onto the surfaces of the slides. After drying, the slides were washed in 0.2% SDS for 5 min, in distilled water for 5 min, in sodium borohydride solution (1.3 g Na 2 BH 4 dissolved in 375 ml phosphate-buffered saline, followed by addition of 125 ml pure ethanol) for 5 min, in 0.2% SDS for 2 min, and in distilled water for 2 min.
Hybridization. The fluorescently labeled amplicons were hybridized to the oligonucleotide microarrays using the following protocol. Amplicons (1 l) were added to a tube containing 4 l hybridization solution (UniHyb; TeleChem International, Sunnyvale, CA); then the tube was heated to 95°C for 10 min and put on ice immediately. The mixture in the tube was then transferred to the microarray and incubated for 1 h at 55°C in a hybridization cassette (TeleChem). After hybridization, unbound fluorescent amplicons were washed away by wash buffer A (1ϫ SSC [0.15 M NaCl plus 0.015 M sodium citrate] plus 0.2% SDS) for 1 min, by wash buffer B (0.2ϫ SSC plus 0.2% SDS) for 1 min, and by wash buffer C (0.1ϫ SSC) for 1 min, in order.
Scanning of the microarray for fluorescent signals and scoring of hybridization results. Slides were inserted into a ScanArray 4000B (GSI Lumonics, Billerica, MA) to scan the area of the slide containing the microarray. The scanned images were uploaded as tagged-image format files into GENEPRO software (Riverside Scientific, Bainbridge Island, WA) and examined for fluorescence intensity.
Evaluation of sensitivity of the gene chips. We used the universal primers, ITS3 and ITS4, to amplify the target genes of A. fumigatus (A1). The concentrations of DNA from A1 were 15 ng/ml, 1.5 ng/ml, 150 pg/ml, 15 pg/ml, and 1.5 pg/ml, as determined with a UV-Vis recording spectrophotometer (UV 2100; Shimadzu Co., Kyoto, Japan). The PCR products were hybridized with the oligonucleotide probes on the gene chip.
RESULTS
Assessment of the primers. The universal primers, ITS3 and ITS4, were first assessed under the same conditions using the target genes from 122 strains of fungal pathogens belonging to 20 species and 8 genera. All the fungal pathogens tested gave PCR products with bands of 200 to 500 bp (Fig. 1) .
Design of oligonucleotides and microarray. The initial choice of oligonucleotides was based on information in public databases. This information was expanded by sequencing of products from organisms in our collection of pure cultures. From these results, 22 oligonucleotides were constructed (Table 4 ) and the microarray model for detection of fungal pathogens was designed (Fig. 2) . Five categories of designed oligonucleotide probes were identified based on their efficacies. Category 1 included oligonucleotide probes 4 to 23, a cluster of genus-or species-specific probes targeted to the sequence of ITS2 and used to identify fungi at the species level; category 2 consisted of oligonucleotide probe 2, a universal probe targeted to the portion of 28S rDNA shared by all fungi and used to detect all kinds of fungi; category 3 included oligonucleotide probes 1 and 3, a positive-and a negative-control probe used to reflect the effectiveness of this hybridization system and serving as reference coordinates for scanning. Hybridization from enrichment broths of standard fungi. The PCR products are used to hybridize with the oligonucleotide probes on the oligonucleotide microarray under the same conditions, followed by signal acquisition using the ScanArray 4000B scanner to generate the respective hybridization maps. The results are shown in Fig. 3 . A given isolate was easily identified as one of the target pathogenic fungi from the hybridization signals of the three oligonucleotide probe categories.
The results were in close agreement with those predicted from the DNA sequences. For instance, in the hybridization map shown in Fig. 3, panel 1 , there are strong hybridization signals at the sites corresponding to oligonucleotide probes 1, 2, and 4, so the fungal pathogen can be sequentially identified as Candida albicans. Based on the results of multiple experi- Evaluation of the reproducibility of the oligonucleotide microarray. To evaluate the reproducibility of the assay, C. albicans, C. tropicalis, and A. fumigatus were detected by the oligonucleotide microarray. The experiment was repeated five times under the same conditions for each fungus. The coefficients of variation of the signal/noise ratio all were less than 10% (Table 5) .
Identification of isolated fungal pathogens from clinical samples. Eighty-six fungal pathogens isolated from clinical samples were processed and hybridized as described above and were then identified according to their specific hybridization maps. All 86 strains were distinguished by their hybridization maps on the microarray. The comprehensive identification results by classical methods are regarded as the final standards. All the hybridization assay results were consistent with those of the conventional methods; the consistency was 100% (86/86).
Testing of spiked blood samples. To examine the specificity of the designed probes and to assess their potential applicability in clinical testing, the performance of the array was validated by blind testing of blood samples from 16 patients at the FHRCMM. Additionally, the identification of all isolates was confirmed by conventional morphological and physiological methods. Comparison of the array results with those of conventional methods showed that the array was able to unequivocally identify the contents of all 16 samples. Ten samples were identified as C. albicans, three as Candida dubliniensis, and three as A. fumigatus. All the hybridization assay results were consistent with those of the conventional methods. Sensitivity of the gene chips. C. albicans (C1) and A. fumigatus (A1) were used to evaluate the sensitivity of the microarray. In some cases, the PCR product was not visualized on the ethidium bromide-stained agarose gel; however, after hybridization of the PCR products to the oligonucleotide array, hybridization signals were visualized. Thus, the PCR method, followed by hybridization of the products to the oligonucleotide array, would improve the sensitivity of detection. For the two strains tested, the detection limit was 15 pg/ml.
DISCUSSION
The oligonucleotide microarray method is based on the reversed solid hybridization of oligonucleotides (5, 6). The major advantages of gene chip technology are its miniature size, high performance, and parallelism and the ability to automate the process and evaluate the expression of hundreds of thousands of genes at a time. As a result, new gene chip applications are Various species have been implicated in fungal infections, making the ITS region a good target choice for fungal identification studies. The length of this region differs for different fungal species (29) , and it contains conserved as well as variable domains, which can be exploited for family-or groupspecific hybridizations. Moreover, fungi contain a high copy number of the rRNA region (10, 12, 27) , which provides further amplification of the signal and improves the sensitivity of the gene chip. The transcriptional unit is composed of 18S, 5.8S, and 28S rRNA genes. Located between the 18S and 5.8S rDNA subunit genes, as well as between the 5.8S and 28S rDNA subunit genes, are ITS regions (ITS1 and ITS2) that are not translated into rRNA. Although the rRNA genes are highly conserved, the ITS regions are divergent and distinctive (1, 7, 11, 20, 29) . For this study we chose ITS2 as the target gene. ITS2 is a spacer region flanked by the 5.8S and 28S rRNA genes. The ITS2 region can be amplified with the universal fungal primers ITS3 and ITS4, specific for conserved sequences in the 5.8 and 28S rRNA genes (20) . The oligonucleotide probes are designed based on the sequences of ITS2 at the species level.
Interspecies variability is manifested in ITS2 regions. We utilized the variability of the ITS2 regions to design probes for the identification of pathogenic fungi. The probes on the microarrays cover most of the common clinical fungal pathogens. Sample DNAs were fluorescently labeled by PCR and then hybridized to the probes on the microarrays. Various factors were investigated to optimize the experiment and to ensure that the results were stable, specific, sensitive, and reproducible.
Recently, Leinberger et al. reported that they had developed a diagnostic microarray for the rapid and simultaneous identification of fungal pathogens involved in invasive mycoses. Oligonucleotide probes were designed against either the ITS1 or the ITS2 region, or both, or the 5.8S or 18S rRNA gene. However, only 12 pathogenic species belonging to 2 genera (Candida and Aspergillus) can be identified by that method, and only 21 samples of clinical isolates were used to examine its specificity and applicability (18) .
Our findings demonstrated that a series of species-specific hybridization profiles can be obtained by an oligonucleotide microarray method. This detection system can identify the 20 common pathogenic species C. albicans, C. parapsilosis, C. One hundred two fungal pathogens isolated from clinical samples were processed and identified to test the specificity of the method. Good specificity and a sensitivity of 15 pg/ml of DNA (5 to 1.2 CFU) were achieved. Further, the method was validated by using 16 clinical isolates as blind samples.
In summary, the oligonucleotide microarray hybridization protocol described here provides a sensitive, specific, and highthroughput means for the identification of fungal pathogens. The assay was demonstrated with isolates from clinical specimens and with spiked blood samples. While mixture analysis and its application to primary specimens must be performed in the future, this microarray method shows promise for application in the laborious standard fungal identification procedure. The analysis is simple to perform and can be completed in 5 h from DNA extraction, compared with 3 or more days for conventional methods. Finally, the microarray results are easy to interpret and can readily identify many fungal pathogens of clinical importance.
